Toxic compounds are frequently, but not universally, associated with alg,al blooms. Several dinoflagellate and diatom species are capable of toxin synthesis. Some bacteria are also capable of synthesizing at least one family of "algal" toxins. Previous work on algal toxins can be broadly grouped in four categories: observations on the variability in toxin production by single species or among strains of a species, frequently as a function of environmental growth conditions; isotope feeding studies to reveal the identity of the substrates that are precursors to the toxin compounds; the genetics of toxin production; and the pharmacological aspects of toxins. Information gleaned from these studies provides a firm foundation for launching more contemporaneous research efforts to understand the biochemistry and molecular biology of toxins. The goals are to develop an understanding of the machinery (i.e. the enzymes and the genes that encode them) required to synthesize toxins, to understand how this machinery is regulated by environmental conditions, and gain insights as to how the tox n biosynthetic genes evolved and(or) have been spread through the marine community.
The production of toxic compounds is a common, but not universal, characteristic of harmful algal blooms (HABs) . Surprisingly, only a few HAB toxins have been characterized and these are synthesized by only a limited number of algal species (Steidinger 1993) . Toxigenic algae may, however, exert an inordinately large adverse impact on other members of the community because toxins can flow through aquatic food chains in a manner analogous to the movement of carbon or energy (Smayda 1992) . Toxigenic algae thus may have significant impacts on ecosystem processes as toxins affect viability, growth, fecundity, and recruitment of a wide range of organisms.
This manuscript is concerned with the biochemistry and genetics of toxin production by HAB species. Most information is for marine toxins as these have been better documented than the freshwater toxins. Saxitoxins, the causative agent of paralytic shellfish poisoning, are used as a model throughout this review as they are the best characterized marine toxin in terms of biochemistry and genetics. The physiology and ecology of the organisms that synthesize saxitoxins are also better documented than for other HAB species; this information permits a more robust interpretation of biochemical and genetic data for the saxitoxins than for other HAB toxins. Inauspiciously, very little is known about the molecular biology of HAB toxins, making this topic difficult to review. The goal in writing the molecular section was to interpret the biochemical, genetic, and physiological data in a context that would encourage and arouse others to This work was sponsored by Sea Grant Alaska, NSF-Biological Oceanography, the Alaska Natural Resources Foundation, and the University of Alaska President's Special Project Fund. The Instutite of Marine Science, University of Alaska, provided travel funds.
pursue the development of molecular tools for the study of HAB toxin events.
The rationale for molecular or biochemical studies of toxicity relates to many long-standing question about HAB toxins. For instance, results from several studies indicate that toxin synthesis is not a constitutive component of algal metabolism. Instead, both the extent to which algae accumulate toxins (i.e. the toxin content) as well as the number and quantity of individual toxins (i.e. the toxin composition) of algae are strongly influenced by environmental growth conditions. Thus, one obvious question pertains to how environmental and hydrological factors influence toxin synthesis. To answer this, we need to know how algae make toxins. There are man!7 related questions. Which metabolic pathways are involved in toxin synthesis? How did the genes encoding toxin biosynthetic enzymes evolve? How are these toxin biosyntheric genes passed on to offspring? Are these genes transmitted to other members of the population-community by sexual and (or) nonsexual mechanisms (e.g. transkingdom sex involving bacteria; viruses)? Do bacteria also have the gl=netic machinery required to make "algal" toxins? In essence, the development of molecular tools and a better understanding of biochemical pathways can provide a means whereby questions relating to toxins can be addressed in a straightforward fashion. Most of our previous approaches to these questions have, of necessity, been one of watching the hands of the clock rather than understanding what makes the hands move.
Clearly, a better biochemical and molecular understanding of HAB toxin pl*oduction is needed. Moreover, the most expedient strategy for determining both "how" and "why" environment factors control toxin synthesis involves a multifaceted approal:h. First, more data are required on the effects of environmental conditions on the growth of and toxin production by HAB species. Second, information is needed on the genetics of toxin synthesis. Third, the pathways of toxin synthesis r,hould be elaborated. Fourth, using data derived from the three previous lines of research, it is important to develop a molecular understanding of the genes involved in toxin synthesis. This approach will allow us to ~cy&->(&~, _ K-J Fig. 1 . Chemical structures of selected marine and freshwater HAB toxins. The four toxins on the left are synthesized by marine dinoflagellates, the three toxins on the top right are products of freshwater cyanobacteria, whereas domoic acid (bottom right) is synthesized by marine diatoms and red algae. The R group for each toxin is highly diverse; the X and Y in Microcystin are amino acids (i.e. X-Leu, Tyr, or Arg; Y-Ala, Met, or Arg).
determine the evolutionary histories of toxin biosynthetic genes and to lay a foundation for understanding in a far less ambiguous fashion how environmental and hydrographic conditions affect expression of toxin biosynthetic genes. My report starts with a brief overview of HAB toxins, addresses the question of whether they can be viewed to advantage as secondary metabolites, and then moves into case history studies that address the research strategies just outlined.
Toxin overview
The most widely known marine HAB toxins produce poiFreshwater toxins are different from their marine counsoning syndromes known as diarrhetic, paralytic, neurotoxic, terparts in two respects. First, cyanobacteria, rather than diand amnesic shellfish poisoning (DSP, PSP, NSP and ASP).
noflagellates, almost exclusively synthesize freshwater HAB Planktonic dinoflagellates synthesize the toxins associated toxins (Carmichael 1992; Carmichael et al. 1990 ; Carmiwith each of these poisoning events except that the ASP chael and Falconer 1993). Second, the chemical structures toxin, domoic acid, is produced primarily by diatoms. Cigof the freshwater toxins are, as far as we know, more diverse uatera fish poisoning, a fifth type of marine HAB toxin ( Fig. 1 ) and include alkaloids, phosphate esters, macrolides, event, is caused by benthic dinoflagellates. As discussed in chlorinated diaryllactones, and penta-and heptapeptides. more detail below, there is increasing evidence that bacteria These cyanobacterial toxins are broadly classified as either play a role in the production of at least some marine HAB neurotoxic, hepatotoxic, or dermatotoxic (Carmichael et al. toxins . From a chemical standpoint, the common marine 1990). Interestingly, cyanobacteria synthesize saxitoxins, the HAB toxins are either alkaloids, polyethers, or substituted primary agent of PSP in freshwater (Carmichael 1992) amines ( Figs. 1 and 2 ). There are, however, other toxins associated with HAB species such as superoxide and (or) hydroxyl radicals (Oda et al. 1992; Tanaka et al. 1992) , lipoteichoic acids with hemagglutinin activity (Ahmed et al. 1995) , and pentacyclic derivatives with a fused azine (Seki et al. 1995) . Other toxic effects of HAB algae have been documented but the toxins remain to be elucidated (e.g. see Burkholder et al. 1997) . It is likely that many more marine HAB toxins will be identified and characterized as both utilization of marine resources and our ability to detect the toxins increases. Fig. 2 . Proposed biochemical pathway of saxitoxin synthesis. The identification of saxitoxin precursors is based on (Shimizu et al. 1990a,b; Shimizu 1993; Shimizu and Wrensford 1993) . Certain cellular metabolites are highlighted as growth of bacteria on these substrates can have substantial effects on toxin synthesis (Doucette and Trick 1995; EG. P. unpubl. data). whereas dinoflagellates and bacteria synthesize these toxins in marine systems.
HAB toxins as secondary metabolites
Many researchers view HAB toxins as secondary metabolites. The term "secondary metabolite" was coined -30 yr ago by plant physiologists to identify compounds that do not fulfill a role in intermediary metabolism (see Vining 1990 ), but the term has been embraced by microbiologists and the precise definition altered over time. Microbiologists often consider a secondary metabolite to be a compound produced when normal, balanced growth ceases. Secondary metabolites embrace a chemically diverse array of compounds. The synthesis of a given secondary metabolite is generally limited, occurring only in a small group of organisms, frequently only in one species (Vining 1990; Hashimoto and Yamada 1994; Jensen and Fenical 1994) . The role of secondary metabolites, as viewed by plant physiologists, may be intrinsic (e.g. protection from UV light, intracellular nutrient storage, or a differentiation signal) or extrinsic (e.g. toxic to predators, an allelopathic substance, promoting symbiotic relationships, or a metal scavenger such as a siderophore). HAB toxins easily fit these criteria and each may have evolved to play an active role in one or more intrinsic and (or) extrinsic functions. For instance, saxitoxins, the etiological agent of PSP may play an intrinsic role in DNA metabolism (Mickelson and Yentsch 1979; Anderson and Cheng 1988) , or N storage (Anderson et al. 1990b) , and (or) an extrinsic role as an antipredation compound (White and Maranda 1978; Haney et al. 1995 ). The precise evolutionary pressure(s) driving the synlhesis of each HAB toxin remains enigmatic, in large part because the toxins are chemically distinct ( Fig.  1) and also because the selective pressures driving the evolution of each toxin are likely to be species-specific.
Another advantage of viewing HAB toxins as secondary metabolites is tnat notable advances have been made in understanding how environmental conditions affect the synthesis of secondary metabolites (see Vining 1990; Hashimoto and Yamada 1994; Jensen and Fenical 1994) . For instance, cells frequently synthesize low amounts of secondary metabolites when grown under optimal conditions but exhibit enhanced synthesis under specific conditions that limit growth. As could be predicted from this, the accumulation (and probably the synthesis) of HAB toxins is greatly affected by growth conditions (e.g. Boyer et al. 1987; Anderson et al. 1990b; Steidinger 1993) . In some cases the pattern of toxin synthesis during periods of reduced growth are inconsistent with patterns observed with other secondary metabolites (Bomber and Aikman 1988-1989) , though it should be noted that not all conditions that reduce growth also increase production of secondary metabolites (Vining 1990; Hashimoto and Yamada 1994) . It is also of interest to note that many advances have been made in the molecular biology of secondary metabolites (Vining 1990; Hashimoto and Yamada 1994; Jensen and Fenical 1994) . These advances are providing novel and unexpected insights into how environmental growth conditions affect both cellular growth as well as the synthesis of secondary metabolites. For example, the synthesis of clavulanic acid, a &lactam antibiotic, by Strep-tomyces clavuligerus is enhanced under phosphate-limited growth. This antibiotic is synthesized from arginine, a common feature shared with saxitoxins (see below). Recent DNA sequence data revealed a PHO box and an ARG box within the gene cluster encoding clavulanic acid. This is strong evidence that synthesis of this antibiotic as well as the overall growth rate of S. clavuligerus is controlled by the protein products of the phoB gene and the argR gene. These proteins are involved in the regulation of transcription of the phosphate regulon and the arginine regulon as a function of phosphate supply and intracellular arginine levels, respectively (Hodgson et al. 1995) . Hence, it is now appreciated that synthesis of clavulanic acid is directly, rather than indirectly, controlled by phosphate supply and intracellular arginine levels. Perhaps, as described below, the same is true for saxitoxin synthesis ? Overall, it is anticipated that the general trends observed with HAB toxin synthesis will mirror trends seen with other secondary metabolites, suggesting that much can be learned by thinking of HAB toxins as secondary metabolites rather than as isolated, unique compounds associated only with HAB events.
Chemical structures and biosynthetic pathways
One striking feature of the HAB toxins is their complex chemical structures (Fig. 1) . These toxins seem to be the end products of elaborate pathways (i.e. many biochemical steps are required) and some of the enzymatic reactions are likely to entail highly unique and (or) specialized reactions. Very little is known about the biochemistry of toxin synthesis. The substrates for the peptide toxins synthesized by cyanobacteria are almost certainly amino acids, but which enzymes make the peptide bonds? In what order are the amino acids joined? Are the amino acids modified before, during, or after synthesis of the peptide chain? These relatively basic questions are even more problematic for the nonpeptide toxins made by marine dinoflagellates; in some cases, even the rudimentary building blocks required to make dinoflagellate toxins are unknown.
The biosynthetic pathway for saxitoxins, the etiological agents of PSP, is relatively well known. These neurotoxins resemble purines (Fig. 1) ; however, painstaking studies involving feeding 'C-and 15N-labeled substrates to toxigenic cyanobacteria with subsequent NMR analyses of the purified toxins, indicated that saxitoxins are not derived from purine metabolism. Rather, saxitoxins are synthesized via an unexpected pathway involving arginine, S-adenosylmethionine, acetate, and other, as yet uncharacterized, cellular metabolites (Shimizu et al. 1990a,h; Shimizu 1993; Shimizu and Wrensford 1993) . The parent compound, presumably saxitoxin, is subsequently modified by addition-removal of hydroxyl, carbamyl, and (or) hyroxysulfate moieties yielding 21 derivatives (Oshima et al. 1993 ) whose potencies vary by about two orders of magnitude (Hall et al. 1990 ). Individual strains of saxitoxin-producing dinoflagellates can contain several of these derivatives. Although the biosynthetic scheme presented in Fig. 2 is somewhat hypothetical (e.g. the addition-removal of side chains could precede formation of the tricyclic perhydropurine rings), it provides a clear framework from which more detailed biochemical and molecular studies can be launched. One important point gleaned from these feeding studies is that synthesis of saxitoxin will require multiple unique enzymes. A corollary is that the genes encoding these enzymes will occupy a large segment(s) of DNA. Taken together, both the large number of genes and the DNA they occupy must be considered when contemplating the evolution of the saxitoxin pathway, the potential for genetic recombination of saxitoxin biosynthetic genes during meiosis, the inheritance of saxitoxin biosynthetic genes during sexual reproduction, and the potential for dispersal of toxin biosynthetic genes by mechanisms such as DNA transposable elements, plasmids, etc. between different members of the marine HAB species assemblage.
A brief example illustrates how an understanding of the saxitoxin pathway has proven crucial in understanding the effects of environmental growth conditions on saxitoxin production. First, however, a brief digression is needed. As described in more detail below, convincing evidence has now been provided that bacteria are capable of autonomous production of saxitoxins (Kodama et al. 1988 (Kodama et al. , 1990 Doucette 1995) . The role of bacteria in toxin production will be considered in more detail, but returning for now to the saxitoxin pathway, studies with toxigenic bacteria have shown that toxin production is enhanced when cultures are grown on intermediates of the Krebs cycle (e.g. succinate, malate, fumarate; G. Doucette pers. comm.; Doucette and Trick 1995) . Without an understanding of the saxitoxin pathway, these results would seem confusing. It is now possible, however, to surmise that these intermediates can rather directly increase the intracellular levels of acetate, arginine (via cyketoglutarate), and (or) other products that flow into the saxitoxin biosynthetic pathway (Fig. 2) . Not all C sources enhance toxin synthesis to the same extent, and some C sources specifically affect synthesis of certain saxitoxin derivatives (Doucette and Trick 1995) . It is reasonable to predict that should bacteria prove to be major sources of saxitoxin in marine environments (see below), their role will be greater when they are found in association with dinoflagellate hosts that provide crucial C compounds to the bacteria as their food source.
The biosynthetic pathway of domoic acid-the causative agent of ASP-represents another example where significant gains have been made through the use of isotopic feeding studies and NMR analysis of toxin products (Douglas et al. 1992 ). Domoic acid is apparently formed by a novel condensation of an activated citric acid cycle derivative (probably glutamate arising from cx-ketoglutarate) with geranyl (probably as geranyl pyrophosphate). It seems likely that only one or two unique enzymes would be required to make this excitatory amino acid from its two house-keeping precursors present in algal cells. This apparent simplicity makes this an attractive system for future study. In contrast, the biosynthetic pathway(s) for synthesis of the multifarious dinoflagellate polyether toxins such as brevetoxin, okadaic acid, and ciguatoxin ( Fig. 1 ) is (are) likely to be extremely complex. Early studies have indicated that acetate, dicarboxylic acids of the Krebs cycle, and (or) amino acid skeletons are ubiquitous substrates for these toxins (see Shimizu 1993; Garson 1993) .
Plumley
Stable isotope studies have clearly provided a powerful tool for the analysis of HAB toxin biosynthetic pathways. More work is needed. Unfortunately, however, many HAB species have limited abilities to assimilate an extensive range of isotopically labeled substrates (Shimizu 1993) and it is possible that the incorporation of large amounts of a (labeled) precursor will alter the metabolic pathway under study (Garson 1993) . Another concern is that the labeled substrates are extensively degraded (e.g. deamination)-possibly extracellularly-before they are transported into the cell. Substrate modification in cultures of Gymnodinium breve, a dinoflagellate that synthesizes brevetoxins, may account for the unusual labeling patterns observed with this organism (Shimizu and Wrensford 1993) . These putative extracellular modifications, which may be mediated by bacterial contaminants in the algal culture (Shimizu 1993) , undoubtedly interfere with correct determination of precursor + product relationships and indicate a need for caution.
Although stable isotope studies have proven useful, other approaches are needed to unravel the biochemical pathways of toxin synthesis and the effects of environmental variables on these pathways. *One such approach involves the difficult task of purifying and characterizing the enzymes involved in toxin synthesis. The following section describes work in this area.
HAB toxin biosynthetic enzymes
More information is needed about the enzymes involved in synthesis of HAB toxin in order to understand the dynamics of toxin production and environmental control of toxin synthesis. Almost no data are yet available for toxin enzymes, in part 'because we do not have a clear understanding of the order in which the substrates are assembled into the final toxic product and in part because no intermediates have been identified. For example, the synthetic pathway for saxitoxin ( Fig. 2) indicates that arginine and acetate form part of the saxitoxin molecule. Importantly, however, it is not known whether the bonds formed between these two' moieties represent the first, last, or an intermediate step in toxin synthesis. In other words, the chemical structures of the saxitoxin intermediates are not known. This completely foils enzymatic analyses of toxin biosynthesis because in vitro assays would have to rely upon quantification of a product (i.e. a toxin intermediate or end product) to be meaningful.
One successful strategy that has been developed to assay the enzymes involved in toxin synthesis relies upon the use of a parent molecule as the substrate for in vitro assays. For these assays, enzyme extracts, obtained as cell lysates from a toxigenic strain, are mixed with a known saxitoxin and the resulting derivative(s) quantitatively detected by HPLC. With this approach, Oshima (1995) detected oxidase activity as two saxitoxin derivatives with l-NH were converted to I-NOH upon incubation in an extract obtained from Alexandrium tamarense. Extracts of toxigenic Gymnodinium catenatum exhibited saxitoxin N-sulfotransferase activity, as evidenced by the transformation of 21-NH, to 2 1 -NSO,-in the presence of exogenously added adenosine 3'-phosphate-S'phosphosulfate (note: l-and 21 -N are identified in Fig. 2 ).
Although these early results are exciting, they are somewhat tempered by the observation that G. catenatum did not exhibit an oxidase activity similar to that observed in A. tamarense and that A. tamarense did not have N-sulfotransferase activity. Furthermore, a nontoxic strain of G. catenatum did have the N-sulfotransferase activity. Moreover, enzymes .:hat modify saxitoxin were also detected in shellfish (Oshima 1995) and previously in bacteria (Kotaki et al. 1985) , suggesting that the activities observed in the dinoflagellates (Oshima 1995) may be related to catabolism rather than bios:,nthesis. These problems aside, this approach still presents a powerful tool for understanding the toxigenicity of dinoflagellate strains.
If the enzymes for saxitoxin modification prove to be stable and can withstand the rigors of biochemical purification, this research direction offers the hope of unraveling how so many saxitoxin derivatives are made. Once this is known, perhaps a clearer picture will emerge as to why numerous saxitoxin derivatives with such marked differences in potency are synthesized. Also, if a single enzyme can be purified, it may be possible to use contemporary techniques in molecular biology to isolate the entire suite of enzymes involved in toxin synthesis (as described below). Hopefully this overall strategy of enzyme purification will be tested soon with other HAB toxins.
Distinction
bet ween environmental and genetic-based variations in the synthesis and accumulation of toxins Profound differences in toxin content and composition can occur with different HAB species, geographical isolates, environmental conditions, and composition and abundance of other algal species (Steidinger 1993) . This tremendous variation in toxicity has been a major area of concern for several decades. Although it is not surprising that the toxin content per cell varies with growth conditions, a more problematic issue has been the question of whether the relative abundance of each toxin (toxin composition) within a single isolate is fixed or variable. Again, this question is somewhat difficult to address except for saxitoxins and perhaps brevetoxins. Results from several laboratories indicate a constant composition (Hall 1982; Boyer et al. 1987; Cembella et al. 1987; Ogata et al. 1987) , but other studies have found considerable variation in toxin composition with differing growth conditions (Boczar et al. 1988; Anderson et al. 1990a, b) . Similarly, compositional changes in brevetoxin derivatives have been noted in a dinoflagellate at different phases of its growth cycle (Roszell et al. 1990 ). The physiology and biochemistry of changes in toxin content and composition are complex (Anderson et al. 1990b ) and beyond the scope of this review. It is important to realize, however, that changes do occur in toxin content (probably in all toxigenic strains) and in toxin composition (at least in saxitoxin-and brevetoxin-producing strains) and that these changes can be used to advantage to isolate the genes required to synthesize toxins (see below).
Another problematic question pertaining to the genetics of HAB toxins is why are some isolates of a HAB species highly toxic, others are of low toxicity, and yet others seem-ingly produce no toxin ? One explanation for variations in toxicity, at least for saxitoxin-producing (Anderson et al., 1990b) and okadaic acid-producing (Tomas and Baden 1993) dinoflagellates, is based on the observation that toxin content is affected by growth rate. Because the relative growth rate (,u/~,~,,) of two isolates could be different under identical growth conditions because of inherent genetic variability (Brand 1988 (Brand -1989 , any differences in toxin content or composition could reflect, at least to some extent, growth ratedependent effects. A similar problem relates to the long time (i.e. days to several months) required for ciguatera toxinproducing dinoflagellates (Bomber and Aikman 1988-1989) , saxitoxin-producing dinoflagellates (Anderson et al. 1990b) , and possibly other toxigenic dinoflagellates to adapt to new environmental growth conditions; toxin content during this long adaptation period may or may not accurately reflect a strain's ability to synthesize toxins. It is likely that tuxin results for some isolates have been obtained during this acclimation period and do not reflect the true toxin synthesizing capacity under the defined growth conditions.
Of equal concern is the possibility that variations in toxin content or composition between different isolates and (or) species reflect genetic differences in their ability to synthesize toxins. First, consider that most toxigenic cultures of dinoflagellates have been derived from a single cell (or cyst). It is well documented that the genetic variability between two individuals within a population and (or) between two populations of the same species can be quite large (Brand 1988 (Brand -1989 . If this inherent, and possibly large, genetic variability extends to toxigenicity, it suggests that toxin production is a relatively new characteristic and is subject to current evolutionary selective forces. This question cannot be directly addressed, much less tested, until toxin biosynthetic genes have been isolated, cloned, sequenced, and compared between different isolates and species. Results from classical genetic studies (see below), however, indicate a high degree of genetic recombination within the genes required for saxitoxin production, perhaps suggestive of genetic plasticity in toxigenicity.
Another explanation that would explain the genetic basis for variations in toxin content and (or) composition in different isolates or species of HAB algae pertains to the role that other organisms-most notably bacteria-play in toxin synthesis. And now that this topic has been broached, an even more fundamental question is do bacteria possess the genes required to synthesize HAB toxins? The answer to this question is an unequivocal "yes," at least for some HAB toxins. For instance, the role of bacteria in saxitoxin synthesis was first posed by Silva (1962) , but proof that toxin biosynthetic genes are present in bacteria was not forthcoming until Kodama et al. (1988 Kodama et al. ( , 1990 ) demonstrated autonomous toxin synthesis by a bacterium isolated from a toxigenic dinoflagellate. In contrast, autonomous synthesis of domoic acid by bacteria has not been demonstrated, but certain bacterial strains enhance toxin synthesis -loo-fold in cultures of Pseudo-nitzschia multiseries (Bates et al. 1995) . A variety of other effects on toxin synthesis by extracellular bacteria has been observed (see Doucette 1995) . Another aspect of this question is whether intracellular (not extracellular) bacteria are also involved, either directly or indirectly, in the synthesis of toxins by HAB algae. Though many researchers claim to work with axenic cultures, intracellular bacteria are easily detectable in some dinoflagellates whereas other dinoflagellates may harbor bacteria that are nonculturable and (or) otherwise difficult to detect or eliminate. As a case in point, the pioneering work of Kodama et al. (1988) involved isolating an intracellular, toxigenic bacterium from a putatively axenic strain of Protogonyaulax tamarensis (=A. tamarense). Clearly, more definitive means of determining who has the toxin biosynthetic genes needs to be developed. Also, more studies are needed to better resolve the role of [intra-and (or) extracellular] bacteria in toxin production by marine algae.
One means of determining who has toxin biosynthetic genes (i.e. bacteria vs. algae) is to ascertain the inheritance pattern of toxin biosynthetic genes in sexual crosses of toxigenic algae. Genes can either be inherited in a Mendelian fashion (chromosomal location of genes), uniparentally (mitochondrial or chloroplast localization of genes), or randomly (implying localization of genes on a plasmid or other type of autonomously replicating unit, perhaps including intracellular bacteria). To date, few classical genetic studies have been conducted with any HAB toxin, largely because of the inherent difficulty of sexually mating toxigenic strains. However, Sako et al. (1992) and Ishida et al (1993) report a chromosomal localization of saxitoxin biosynthetic genes. The Fl progeny segregated 2 : 2 with respect to parental toxin phenotype indicative of Mendelian inheritance. Moreover, toxin inheritance segregated independently of the mating type genes; genetic m'arkers other than the mating type locus are needed for dinoflagellates in order to more precisely characterize the saxitoxin biosynthetic genes. In other experiments involving crosses with Alexandrium catenella, the offspring had unique toxin phenotypes relative to the parental phenotypes. This is presumed to result from a high frequency of genetic recombination (e.g. meiotic crossover). Again, other genetic markers are needed to fully understand these inheritance patterns. In another study, D. M. Anderson (pers. comm.) also observed Mendelian inheritance with respect to saxitoxin synthesis in crosses between A. tamarense and Alexandrium fundyense. The vast majority of F, and F, progeny in these crosses have a toxin composition identical to the parental phenotypes (D. M. Anderson pers. comm.). This is an important observation as it strongly suggests that the genes required to synthesize saxitoxin are clustered (or linked) in these species. This putative linkage of genes can be used to advantage; if a single gene can be identified, it should be relatively easy to isolate the entire suite of genes required to synthesize saxitoxin by utilizing well-established molecular techniques (e.g. primer walking PCR).
To summarize, it seems that the genes required to synthesize saxitoxin are chromosomally localized in the dinoflagellates examined thus far. This implies that bacteria are not required, at least directly, for saxitoxin synthesis in these algae. Similar studies are needed with other HAB species. One hope of such work is that a nonchromosomal localization of toxin biosynthetic genes can be demonstrated for some algae. Especially auspicious would be a demonstration of chloroplast or mitochondrial inheritance. The amount of DNA in these organelles is small relative to the amount of Plumley nuclear DNA and cloning of toxin biosynthetic genes could be greatly facilitated. Perhaps the best chance of finding toxin biosynthetic genes in an organelle involves okadaic acid-a toxin that has been localized immunocytochemically to the chloroplast of Prorocentrum (Zhou and Fritz 1994) . Unfortunately, a chloroplast localization of toxin is not proof that the toxin biosynthetic genes are also chloroplast localized.
Direct identification and (or) cloning of the genes involved in toxin synthesis; is it possible?
There are several methods that could, in theory, be used to directly identify and (or) clone the toxin biosynthetic genes. None of these direct methods have been successfully applied to marine algae. This section covers the various types of direct approaches that can be used for identifyingcloning the toxin biosynthetic genes, the problems encountered, and, where appropriate, possible solutions to the problems.
The classical method for identifying-cloning a gene in a microorganism is to first mutagenize (e.g. chemically, UV light, etc.) millions of cells, plate them on solid (i.e. agar) medium, pick individual single-cell-derived colonies, and screen each for the desired phenotype (i.e. loss of toxin, tox -). This approach cannot be readily applied to toxigenic dinoflagellates; these algae will not grow on solid medium. This apparently simple problem negatively impacts several techniques that could be used to identify toxin biosynthetic genes. A slight modification of the procedure, identifying tox-cells in liquid culture, would be difficult because there would be so many wild type (or tox ') cells. Flow cytometry is not yet a practical tool for this purpose. There are few readily applicable tags for identifying toxins because the toxins are intracellular compounds and the tags available (e.g. antibodies) for their identification cannot yet be used with viable cells. There is another problem with application of the classical mutagenesis strategy when applied to dinoflagellates. Dinoflagellates have a very large genome. Because mutation events are random, as many as 104-lo7 mutants would have to be generated to have a high statistical probability of creating a single cell with a tax-genotype (the range is large because each toxic species has a different genome size and each toxin will require a different number of genes to encode the enzymes necessary for its synthesis). Screening this many potential mutants is a daunting task considering the effort required to perform a single toxin assay (which is usually done by HPLC).
It is also important to point out that even if a tax-dinoflagellate created by traditional mutagenesis protocols could be obtained and successfully cultured, it would still be a difficult task to identify and (or) characterize the mutant gene. The problem is that analysis of mutants created by traditional methods (e.g. chemicals, UV) must involve a genetic component. This genetic component can involve either a classical (i.e. mating of parental strains and analysis of progeny) or molecular genetic approach. The successful mating and analysis of dinoflagellate progeny is an arduous task and even if successful, does not lead to direct identification of the genes. The more contemporaneous approach-molecular genetic anilysis-is not yet feasible with dinoflagellates. Several labs are attempting to develop molecular genetic protocols for dinoflagellates. This is a high-risk project that is well worth the effort. However, it is important to realize that success vith other algae, though impressive, has occurred at a slow pace (Dunahay 1993; Dunahay et al. 1995) . For example, even if the intensively studied chlorophyte Chlamydomonas produced a toxin, it would be an intimidating task to identify the toxin biosynthetic gene(s) using molecular genetic protocols. This is because there is no easily identified phenotype of a tox-cell (so each cell would have to be individually screened), and because the inability to make toxins (i.e. the tax-phenotype) is not lethal, there is no negative selection against wild-type cells (and no positive selection for toxin mutants).
There are other direct methods for identification of genes, but they are also not very useful with marine algal toxins. For instance, many genes have been identified by making an antibody to their protein product. It is then relatively easy to move through the sequence: peptide + antibody -+ screening of expression library + identification of toxin biosynthetic gene. As noted above, however, marine toxins are not peptide toxins and it has proven difficult to isolate the enzymes required for their synthesis. Moreover, the marine algal toxins appear to be unique; similar toxins (and the homologous genes that would be required for their synthesis) are not known from other organisms, If toxin biosynthetic genes were known from other organisms, it would be much easier to identfy algal genes using established techniques (e.g. heterologaus DNA hybridization, PCR amplification using primers derived from conserved domains). Finally, and as already mentioned, there are no known intermediates for any of the toxin biosynthetic pathways. The consequence of this is that we are forced to deal with a limited number of enzymes (i.e. those involved in the terminal steps of toxin synthesis) rather than the complete suite of enzymes (and the genes that encode them) involved in toxin synthesis. All of the above problems notwithstanding, there are still some techniques, described below, that may be used to directly identify and (or) clone toxin biosynthetic genes.
It has been frequently suggested that toxin biosynthetic genes may be plasmid encoded. The putative transfer of plasmids from one organism to another either by conjugation or transkingdom sex (Heinemann and Sprague 1989) could theoretically account for the unusual distribution of toxin-synthesizing abilities in evolutionarily diverse algae and bacteria (Table 1) . Extensive analysis of several saxitoxin-producing strains, including bacteria, cyanobacteria, and dinoflagellates in my laboratory with a variety of techniques failed to identify plasmid DNAs (R. M. McKay and EG.P unpubl.). Similarly, others (S himizu et al. 1990b; Boczar et al. 1991) failed to detect plasmids that could be involved in saxitoxin synthesis. Although it seems that autonomously replicating plasmids are not accountable for saxitoxin synthesis, it remains a possibility th2.t transposable elements or viral elements carrying the toxin biosynthetic genes have inserted into the chromosome of toxigenic strains and were not detected by the screening protocols used. Moreover, to the best of my knowledge, the]-e have been no attempts to identify plasmids Red algae (Kotaki et al. 1983) Jania sp. Cyanobacteria (Mahmood and Carmichael 1986; Carmichael and Falconer 1993) Aphanizomenon flos-aquae Anabaena circinalis
Bacteria (Franca et al, 1995; Kodama et al. 1988; Ogata et al. 1990 ) PseudomonaslAlteromonast sp. in HAB species that make other toxins, but this would certainly seem to be a potentially fruitful area of work.
Two other approaches ,are available, however, that permit cloning of large contiguous segments of DNA (Sambrook et al. 1989) . Cosmid vectors, used in combination with bacteriophage lambda vectors, can be used to clone DNA fragments of 35-45-thousand base pairs. Cosmids are generally maintained in E. coEi. Yeast artificial chromosomes (YACs) are capable of accepting DNA fragments in the range of -ZOO-500-thousand base pairs. YACs are propagated in yeast. Generation of DNA libraries in these vectors is technically difficult and, for the sake of expediency, should be commercially generated. Cosmid vectors are more likely to express cloned cyanobacterial or bacterial DNA containing toxin biosynthetic genes while YAC vectors are more likely to express the euckaryotic versions of each toxin. Once DNA libraries are generated in these vectors, the next problem is that they must be screened for toxin synthesis. This represents a serious technical problem. Either a brute force approach must be used (involving direct toxin assays for each of several thousand clones) or generation of a colony-screening assay, perhaps using antibodies prepared against the toxin of interest. Given the possibility that the toxin biosynthetic genes would not be expressed in the foreign host (i.e. either E. coli or yeast), this overall approach seems risky.
Another question that periodically arises is whether toxin biosynthetic genes can be isolated by cloning the entire genome of a toxigenic strain in Escherichia coli and then screening individual colonies for toxin production. Such DNA libraries would presumably be generated by ligating partially and randomly digested DNA obtained from a toxigenic organism with a phage vector and then transferring the DNA to several thousand or even million (depending on the genome size of the toxigenic strain) E. coli cells. This approach is not likely to be feasible for several reasons. Genes from one organism are frequently expressed with low efficiency in another organism because of genetic differences such as codon usage bias and (or) promoter sequence differences in the two strains. In other cases, cloned genes are over-expressed, presumably because they are present at high copy number on the cloning vector, and the excess proteins are either insoluble (and hence inactive) or worse-they kill the host cell (Nagai and Thggersen 1987; Sharma 1986; Weising et al. 1988; Hall et al. 1993) . It should be pointed out, however, that some nonbacterial proteins are efficiently expressed in E. coli at moderate levels (e.g. Antonucci et al. 1989) . Another potential problem is that most procedures for generating genomic libraries allow the cloning of only a few thousand base pairs of DNA in any one E. coli cell. Because most toxins will be the product of numerous genes that could easily occupy 15-20 thousand base pairs of DNA (e.g. see Fig. 2 ), it is not likely that the entire set of genes required to synthesize a HAB toxin could be present in a single E. coli host cell using standard cloning techniques. Thus, even if a fragment of DNA containing one or more toxin biosynthetic genes was cloned with this technique, the gene(s) could not be identified because a single E. coli host would not contain sufficient genetic information to synthesize a recognizable toxin product. Domoic acid, potentially the prodUsing environmental control of gene expression as a tool to clone toxin biosynthetic genes
As noted several times, environmental growth conditions have a profound affect on both toxin content and, in some cases, toxin composition+ Variations in toxin content or composition potentially have important consequences on the ecological impacts of toxigenic HAB species. Importantly, environmentally induced variations in toxin production can, in theory, be used to advantage to clone toxin biosynthetic genes. A recently developed technique, termed differential display (Liang and Pardee 1992) , has great potential for cloning differentially expressed genes. First, growth conditions are identified that lead to alterations in toxin accumulation; this can involve alterations in light intensity, nutrient regime, temperature, etc. or, alternatively, use of algae from different stages of culture cycles (e.g. log phase cells vs. stationary phase). The strategy is to harvest cells from one condition when toxins are being synthesized and another condition when they are not being synthesized. mRNAs are isolated from each of the two algal samples and used as templates for generation of a single-stranded DNA by reverse transcriptase. These single-stranded products are subsequently converted to double-stranded cDNAs and amplified by PCR. The amplified DNA products are resolved by gel electrophoresis. Novel products (i.e. DNAs present in the sample-synthesizing toxin but absent when toxin synthesis is nonexistent) are excised from the gel and cloned directly into specialized vectors. Although many steps still have to be performed to verify that any given unique DNA fragment obtained by this method actually encodes a gene required to synthesize the toxin, this procedure (Liang and Pardee 1992) Plumley offers great hope for cloning numerous, difficult-to-clone genes, including those involved in toxin synthesis.
Recent data indicate that the differential display protocols may provide a means of cloning the saxitoxin biosynthetic genes of dinoflagellates. Taroncher-Oldenburg et al. (1997) have shown that during the cell division cycle of A. fundyense, which is synchronized by light: dark cycles, there is a window during G, when toxin rates are high whereas toxin production is zero during interphase and mitosis. These investigators have used the differential display strategy to demonstrate that several unique double-stranded cDNA products are present during the period of active toxin synthesis (D. M. Anderson pers. comm.). Hopefully at least some of the products detected will prove to encode saxitoxin biosynthetic genes and provide the needed catalyst for others to pursue this protocol to clone toxin biosynthetic genes from other dinoflagellates. Along a similar line of research, we (R. M. McKay and EGJ?) have found that toxin per cell decreases when old cultures of the cyanobacterium Aphanizomenon flos-aquae are transferred to fresh medium. This decrease in toxin occurs during a period of rapid cell division suggesting that toxin biosynthetic genes are down-regulated during the early stages of log phase growth. Also, toxin per cell starts to increase rapidly as stationary phase is approached, and importantly, unique mRNAs (detected as unique protein products derived from cell-free in vitro translation of mRNAs obtained from the culture) appear during the period of toxin accumulation (R. M. McKay and EGP,). These results suggest that differential display could also be a useful technique for cloning saxitoxin biosynthetic genes from this cyanobacterium.
As. with other techniques, there are several potential problems with the differential display protocol. For instance, the differential accumulation of toxin does not necessarily guarantee that the mRNAs which encode the enzymes required to synthesize a toxin are also differentially accumulated. Toxin-synthesizing enzymes could be differentially activated (i.e. posttranslationally regulated) by environmental conditions. Alternatively, the mRNAs could be translationally regulated rather than transcriptionally regulated; available data indicate a high degree of translational regulation in dinoflagellates (Morse et al. 1989) . A shortcoming of the differential display method is that it relies on PCR and this process leads to exponential amplification of an rnRNA, even if is present at very, very low levels in one of the two cultures. In other words, even a single copy of an mRNA could, in theory, prevent detection of a gene with an otherwise high level of differential expression. Toxin enzyme mRNAs could be present in cultures not actively synthesizing toxins because either mRNA turnover in dinoflagellates is slow, transcription in dinoflagellates is leaky, or a few cells in the culture are not synchronized with the population and these cells are synthesizing toxins, presumably at undetectable levels, but still providing sufficient mRNA to prime the exponential PCR amplification process. A modified protocol has been introduced to circumvent these problems. Representational difference analysis (RDA; Hubank and Schatz 1994) combines the power of PCR with the resolving capability of the differential display technique but also includes a subtractive hybridization step. Inclusion of this step permits distinguishing mRNAs that are "on-off" and importantly, allows detection of low abundance up-regulated mRNAs such as those that might be encountered in toxin-synthesizing dinoflagellates. RDA may provide a better means of finding mRNAs whose abundance is regulated in response to environmental conditions whereas the differential display protocol will be of more use to detect mRNAs expressed in one sample but completely absent (or "off") in another. Both protocols deserre serious attention by those interested in cloning toxin biosynthetic genes.
Another signjficant improvement for the identification of differentially expressed mRNAs is that modified protocols have been developed for procaryotic cells (e.g. Wong and McClelland 1994) whose mRNAs lack the convenient poly(A) handle, found in eucaryotes. These modifications presumably should simplify analysis of toxigenic bacterial and cyanobacterial strains. Again, however, one shortcoming should be mentioned, at least for the Aphanizomenon work described above. All known cultures of toxigenic Aphanizomenon are cl>ntaminated with one (or more) bacteria; sev-' en different bacterial strains have been isolated from our culture and these cannot be eliminated without causing mortality of the cyanobacterium (R. M. McKay and EGP). As discussed above, the Aphanizomenon culture undergoes differential toxin production and unique mRNAs occur during periods of toxin accumulation. Interestingly, the growth phase of the bacterial contaminants correlates fairly well with toxin production (i.e. bacterial numbers are high in stationary phase, decrease upon dilution, and do not commence rapid growth for several days coincident with enhanced toxin accumulation). Perhaps the bacteria facilitate toxin production by the (:yanobacterium. Perhaps the bacteria are producing the toxin, and it is the bacterial RNA which should be examined by differential display. Clearly, the fact that bacteria are (zapable of autonomous production of saxitoxins has profound implications, not only in nature, but when dealing with algal cultures.
Mutational analysis of toxin biosynthetic genes
As already mentioned, analysis of mutant cell lines provides a powerful means of analyzing biochemical pathways and cloning genes of interest. Some of the problems associated with traditional mutagenesis strategies (e.g. UV, chemical mutagens, etc.) were described above. New strategies, such as transposon mutagenesis and (or) insertional mutagenesis, are now more widely used and are more likely to lead to rapid success with marine toxigenic strains. These more contemporaneous strategies offer one distinct advantage. When the mutagenic agent (e.g. a DNA fragment encoding a selectable gene such as antibiotic resistance) inserts into the genome of the target species, it not only creates an insertional mutation, it creates a positive selection marker for mutant cells and also tags the gene it has mutagenized. The unique DNA signature, or tag, of the mutagenic agent makes it surprisingly easy to clone the gene that has been insertionally mutagenized. This obviates several long, laborintensive steps (e.g. genetic analysis of tetrads, complementation of mutant strains, etc.) that were previously required to identify mutant genes obtained by traditional approaches such as UV treatment. Because of the limitation of the traditional approaches and the benefits of the newer gene vector systems, only the latter are discussed further.
There are several gene vector systems in use. Each is based on a naturally occurring genetic system for transferring DNA between two cells, but each has been highly modified by genetic engineering to provide key benefits to research scientists. Vector systems used for procaryotic cells, including cyanobacteria, are generally based on bacterial transposable elements such as Tn5 or TnlO (Berg and Howe 1989) , while another specialized bacterial-based system, the AgrobacteriumRi plasmid, enjoys widespread use in higher plants (Weising et al. 1988; Potrykus 1991) . These gene vector systems were once typically delivered to the host by conjugation but easier techniques such as electroporation or bombardment with microprojectiles are rapidly replacing earlier methods. Each gene vector system includes a selectable marker, usually an antibiotic resistance gene although it may be necessary or advantageous to use genes that provide resistance to other factors (e.g. heavy metals). The resistance gene creates an insertional mutation when it moves (i.e. transposes) to a random spot within the host's DNA. Many of the newer vector systems also include a plasmidderived origin of replication that is inserted along with the resistance gene. This origin, when excised with an appropriate rare-base cutting endonuclease, allows replication in E. coli of the vector DNA (i.e. the resistance gene) and its flanking DNA (i.e. DNA from the host gene that has been insertionally mutagenized) following ligation of the linear restriction fragment. This one-step plasmid rescue system is rapidly gaining popularity.
Regardless of the precise strategy used to create mutants by transposition, it is still necessary to perform a screening protocol in order to identify cells with a tox -phenotype-a formidable task. Mutations are random events and from a strictly statistical point of view, a few thousand cells will have to be screened if the toxigenic organism is a bacterium, whereas lOa-lo7 dinoflagellates would need to be screened because of their higher DNA content. Given that many of the toxin assays are long, laborious, and (or) expensive (e.g. HPLC, receptor binding assays, etc.), this approach would seemingly be realistic only with procaryotic strains. There are other reasons for restricting mutational analysis to procaryotes; as described above, toxic dinoflagellates cannot grow on agar-solidified medium and techniques for stably introducing DNA into these algae have not yet been perfected.
Although the gene vector system should be relatively straightforward to use with toxigenic procaryotes, work in my lab has shown that this is not the case when dealing with saxitoxin-producing strains. For instance, no stable transformants have yet been obtained with the toxic cyanobacterium, A. jlos-aquae, although three vector systems designed specially for cyanobacteria (Borthakur and Haselkorn 1989; Wolk et al. 1991 ) have been used. The likely barrier involves host nuclease activity (Elhai and Wolk 1988) , which degrades incoming DNA before it is inserted into the chromosome. Nuclease activity is particularly rampant in cyanobacteria, but its negative effects have been ameliorated with some cyanobacterial strains (e.g. Anabaena Strain PCC 7120) by utilizing a DNA methylase helper plasmid construct that encodes a gene that modifies DNA before it is conjugatively transferred from E. coli to Anabaena. The Aphanizomenon strain seems to have a nuclease that is active against DNA sequences not modified by the Anabaena methylase. It will be necessary to isolate, clone, and transfer the Aphanizomenon methylase gene to a helper plasmid before work with this strain can continue. Similar work will be required before transposon strategies can be useful with other toxigenic cyanobacterial strains (R. Haselkorn pers. comm.).
Early efforts to generate mutants of saxitoxin-producing bacterial strains by random insertion of transposons are also proving problematic. The first problem we (Z. Wei and EG.P) and others (S. Gallacher pers. comm.) encountered with toxic bacteria is that these toxic bacteria are inherently resistant to most antibiotics, thus severely limiting many of the vectors routinely used for molecular genetics. Each bacterium may possess a single MDR (multiple drug resistance) determinant (Nikaido 1994) ; alternatively, each may have numerous resistance genes, one for each antibiotic. Antibiotics are routinely used for selection of mutants (see above) so it is hoped that antibiotic resistance will not be rampant in toxigenic bacteria. Available data, however, suggest broad antibiotic resistance in marine bacteria (Hermansson et al. 1987) .
The second problem with toxigenic bacteria is that many of them contain active exonuclease activity (Z. Wei and EG.P unpubl.) and thus cannot be easily transformed by exogenously supplied DNA. For instance, we have found two broad-host range conjugative suicide vectors (mini-Tn5, de Lorenzo et al. 1990 ; and mini-TnlO, Alexeyev and Shokolenko 1995) and a single broad-host range plasmid (pBBR1MCS; Kovach et al. 1994) to be ineffective vectors with four of our six saxitoxin-producing bacterial strains (Z. Wei and EG.I? unpubl.) . Each of these toxigenic bacteria contains very high exonuclease activity. In contrast, nuclease activity (exo-and endo-) is not detectable in two (of six) toxigenic bacterial strains. One of these strains is still resistant to transformation by both Tn elements and broad-host range plasmids. Perhaps this strain has resident Tn elements inserted from previous transposition events. Several Tn elements are classified as "selfish" because they actively inhibit transposition of additional Tn elements into the chromosome (Berg and Howe 1989) . Although speculative, previously inserted Tn elements may carry the saxitoxin biosynthetic genes-and these putatively mobile genes could account for the widespread distribution of saxitoxin biosynthetic genes in evolutionarily diverse organisms (Table I) . It has been estimated that 1 in l,OOO-10,000 bacteria in marine environments carry sequences derived from the Tn3 family of transposons (Dahlberg and Hermansson 1995) . Similar studies with different Tn family members (e.g. Tn7, TnlO, etc.; Berg and Howe 1989) , and especially with toxigenic species, could provide informative data about the evolution and dispersal of toxin biosynthetic genes.
On the positive side, S. Gallacher (pers. comm.) and our lab (Z. Wei and EGP unpubl.) have found that mutant strains of saxitoxin-producing bacteria can be generated us-ing transposable elements. Gallacher's group has designed vector constructs that are effective mutagenic agents (S. Gallather pers. comm.), but details of these vectors are not yet available for dissemination. Our lab has found that transposons can be transferred to a toxigenic strain when it is first acclimated to a freshwater-based growth medium. We do not yet understand why transposition works under these conditions but not in seawater media. These early successes with saxitoxin-producing bacteria should lead to the rapid identification of saxitoxin biosynthetic genes and will perhaps spur others to use similar approaches to identify other HAB toxin biosynthetic genes.
Conclusions and future directions
Much has been learned about the biochemistry and genetics of HAB toxin synthesis and the physiological ecology of the algae that synthesize these toxins. Many important unknowns remain. The HAB algae that produce toxins are notoriously difficult to culture and remain largely recalcitrant to most contemporaneous protocols routinely used with other microbes. At present, rapid progress in understanding HAB algae at the molecular and biochemical levels is dependent on technological innovations. Some techniques can be transported directly from existing protocols, but many will require extensive modification, Cloning of toxin biosynthetic genes is an important step that must be completed before significant progress can be made in the analysis of molecular genetics of toxin synthesis. The identification and cloning of toxin biosynthetic genes will not be easy. Several approaches could be effective-each of which is technically difficult and easily criticized. Failure must be accepted as an inevitable facet of this process, but we must move forward with this high-risk research. From a technical as well as an ecologically relevant standpoint, different model systems for the study of HAB toxins need to be developed. Procaryotic and eucaryotic systems should be explored whenever possible. Once the relevant toxin biosynthetic genes are cloned, research can focus more directly on the regulatory and physiological aspects of toxin synthesis using the powerful tools of molecular biology. At present, we are forced to make observations on the variability in toxin production by single species or among strains of a species, without any knowledge of the underlying machinery. Developing an understanding of the machinery is an important next step.
